SUMMARY
INTRODUCTION
Heat shock factor 1 (HSF1) is the transcription factor responsible for the transcriptional response of vertebrate cells to different stresses including heat shock (1) (2) (3) (4) . HSF1 is present in an unactivated form in unstressed cells. Upon exposure to a stress, the factor is activated and binds to so-called heat shock element (HSE) sequences in promoters of genes encoding heat shock proteins (Hsp), enhancing expression of these genes.
Activation is reversible, and during recovery from the stress the factor is returned to its unactivated form. The HSF1 polypeptide contains an HSE DNA-binding domain near its amino terminus. Further inside lie two closely spaced hydrophobic repeats (LZ1 & 2), and a third hydropho bic repeat (LZ3) is located near the carboxy terminus.
In unstressed human cells, human HSF1 (hHSF1) polypeptide is in a dynamic complex with Hsp90 or, possibly, an Hsp90-containing multichaperone complex (5, 6) .
When the cells are exposed to heat or a chemical stressor, protein unfolding increases, and nonnative proteins begin to accumulate (7) (8) (9) . These nonnative proteins are believed to compete with hHSF1 for binding Hsp90, resulting in an increase in unbound hHSF1 molecules. Unbound hHSF1 polypeptides homotrimerize rapidly in a reaction thought to be driven largely by hydrophobic interactions between LZ1 repeat sequences (3, 6) . The present study provides evidence for the proposition that the transcriptional activity of trimeric hHSF1 is repressed, to a degree that depends on the intracellular concentration of stress-denatured proteins, by multichaperone complexes of t he Hsp90-immunophilin-p23 type. These multichaperone complexes can associate with hHSF1 subsequent to the dissociation of the initial hHSF1 complex and formation of factor homotrimers. The complexes exert their repressing effect by binding to the hHSF1 regulatory domain. This repression mechanism may ensure the proportionality of hHSF1 activation and transcription of hsp genes in response to a stress. Association of trimeric hHSF1 and multichaperone complexes may also represent the first step of the process that returns hHSF1 to its unactivated state during recovery from a stressful event. It was previously reported that Hsp90-containing complexes can be assembled on recombinant hHSF1 forms and that trimeric HSF1 of Xenopus associates with Hsp90-containing complexes, in particular Hsp90-immunophilin-p23 complexes (5, 13, 14) . Our study extends these observations and describes a regulatory mechanism that is based on these interactions.
MATERIALS AND METHODS
Expression Constructs -Expression constructs for wild-type hHSF1 and internal deletions as well as for chimeric transcription factor LexA 87 hHSF1 79 ("LexA-hHSF1") and its derivatives were described previously (15). For in vivo mapping experiments, (wildtype and mutant) hHSF1-coding sequences were subcloned into pcDNA3.1(+) (Invitrogen). Standard PCR amplification and subcloning techniques were used to generate expression constructs in pcDNA4His/MaxC (Invitrogen) for hGR and for a BSA lacking the first 24 residues (cBSA). A cDNA gene for BSA was kindly prov ided by Dr.
Gene Holowachuk (Research Institute of Mary Imogene Bassett Hospital, New York).
Expression construct for ß-Gal was also in pcDNA4/His/Max/lacZ (Invitrogen). Reporter gene construct LexA-Luc was prepared by transferring a fragment containing promoter and RNA leader sequences from LexA-CAT (15,16) to pGL2 (Promega). protease inhibitors, 25% glycerol) and lysed by three cycles of freezing and thawing.
Cell Culture and Transfection
Debris were removed as described before. Protein concentrations of extracts were determined and equalized as before.
Immunoprecipitations -Typically, aliquots of extracts (0.5-1 mg of protein in 0.4-0.6 ml) were incubated for 1 hr with 30 µg of antibody at 4 o C. Incubation was continued for another 3 hr after addition of 50 µl of a slurry of Protein G agarose beads (Roche).
Immune complexes were collected by centrifugation and washed with lysis buffer.
Immunoprecipitated proteins were solubilized by boiling for 5 min in SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.8, 15% glycerol, 2% SDS, 5% 2 -mercaptoethanol, 1 mM EDTA, 0.01% bromphenol blue), which step also served to reverse chemical crosslinking. Anti-hHSF1 antiserum and mouse monoclonal antibodies against Hsp90 (9D2), antiserum from Clontech, and His tag resin (BabCO) and actin (N350) monoclonal antibody from Amersham. FKBP52 antibody KN382/EC1 was used for western blots, and UPJ56 (from the Pratt laboratory) for immunoprecipitations.
Recombinant hHSF1 -For the preparation of bacterially expressed hHSF1, a full-length hHSF1-coding sequence was subcloned into vector pGEX-2T (Pharmacia). GlutathionehHSF1 fusion protein was expressed in E.coli strain BL21 and purified on glutathione beads (Glutathione Sepharose 4B from Pharmacia). Full-length hHSF1 was released by incubation with bovine thrombin (Pharmacia). (Fig.1B) , and the abundance of the hHSF1-Hsp90 interaction had decreased to a lower level (Fig.1A , upper panels).
In Vitro Reconstitution Assay
FKBP52 was not found associated with hHSF1 in cells that had not been heat-treated (Fig.1A , lower panels). However, an interaction between FKBP52 and hHSF1 was readily detected in heat-treated cells. These results strongly suggested that FKBP52 interacted in vivo with trimeric but not with nontrimeric hHSF1. Because FKBP52 was known to bind to target proteins as part of an Hsp90-containing complex and the hHSF1-Hsp90 interaction was still observed after 15 min of heat treatment, i.e., at a time when virtually all hHSF1 was trimeric, it appeared reasonable to infer that trimeric hHSF1 had associated with an Hsp90-and FKBP52-containing multichaperone complex. Note that the intensity of the western blot signals produced by coimmunoprecipitated hHSF1 was a complex function of the avidity of the coprecipitating antibody, the effectiveness with which the antibody precipitated its antigen when the latter was part of a protein complex, the effects of RIPA buffer and the presence of cross-links on the antibody-antigen interaction, the efficiency of cross-linking, etc. Hence, the hHSF1 signals reflected relative concentrations of protein interactions during hHSF1 activation but did not contain information about the stoichiometry of protein complexes, in particular multiprotein complexes. Consequently, the observation of a substantial difference between the amounts of hHSF1 coimmunoprecipitated using Hsp90 and FKBP52
antibodies from cells heat-treated for 15 min did not suggest that less than stoichiometric amounts of Hsp90 and FKBP52 associated with hHSF1 under this condition or that a larger fraction of hHSF1 was bound by FKBP52 than by Hsp90.
After 15 min of incubation at 43 o C a majority of hHSF1 molecules were hyperphosphorylated as judged from their decreased mobility (11) Because nonnative proteins preferentially associate with chaperones and chaperone complexes, it was conceivable that the observed interactions in heat-treated cells involved heat-denatured hHSF1. That hHSF1 could be coimmunoprecipated from extracts prepared from cells exposed to other inducers of the heat shock response such as sodium arsenite and azetidine carboxylate (18,19) appeared to rule out this possibility ( Fig.1D-F) . Thus, the interaction of hHSF1 and the Hsp90-and FKBP52-containing complex formed as a consequence of stress -induced trimerization of hHSF1.
In vitro reconstitution experiments were carried out to obtain a more complete description of Hsp90-and immunophilin-containing complexes associating with trimeric hHSF1. Note that complexes of this type were known to also include a loosely bound p23 molecule (20). Full-length recombinant hHSF1 was prepared as described in Materials and methods. To ensure that only trimeric hHSF1 complexes were analyzed, advantage was taken of the fact that only trimeric hHSF1 specifically binds to HSE DNA (3).
Complexes were reconstituted in rabbit reticulocyte lysate on recombinant trimeric hHSF1 bound to HSE DNA sequences that were immobilized on beads. Western blot analysis revealed that the bona fide trimeric hHSF1 associated with components of Hsp90-immunophilin-p23 complexes, Hsp90, p23, CyP40, FKBP52, FKBP51 and immunophilin substituent PP5 (Fig.2) . Assembly of Hsp90-containing multichaperone complexes including p23 and an immunophilin was known to require ATP and to be inhibited by Hsp90-binding compound geldanamycin (21) . That incubation with geldanamycin and apyrase prevented the association of immunophilins and p23 with the hHSF1 beads indicated that these proteins bound trimeric hHSF1 as part of Hsp90-immunophilin-p23 complexes.
Note that in the experiments described below the model is tested and evidence is presented that binding of Hsp90-immunophilin-p23 complex to trimeric hHSF1 represses the transcriptional activity of the factor. Hence, the trimeric hHSF1 complexes that were observed to form during activation of the transcription factor in the experiment shown in Like any other nonnative protein, heat-denatured hHSF1 will enter a pathway of refolding or elimination, in the normal course of which it will associate with chaper ones (22) (23) (24) .
Hsp90-immunophilin (FKBP52) -p23 Complex is Associated with Transcriptionally
Inactive, Trimeric hHSF1 -It was previously observed that a large fraction of hHSF1 accumulated as homotrimers in cells overexpressing the factor from transfected genes in the absence of stress (15). These hHSF1 homotrimers had HSE DNA-binding activity but only minimal transcriptional activity when compared to that produced by heat shock or a deregulated hHSF1 mutant (15). A chimeric transcription factor, LexA-hHSF1 ("LexAhHSF1"), was constructed by replacing the first 78 hHSF1 residues comprising the HSE was expressed instead of hHSF1 to avoid confounding effects of endogenous hHSF1
activity. We hypothesized that in cells overexpressing the factor, trimeric hHSF1 was retained in a repressed state by a bound Hsp90-immunophilin (FKBP52)-p23 complex.
To determine whether trimeric hHSF1 was indeed associated with such a chaperone complex, cell cultures were transfected with an hHSF1 expression construct and, one day later, subjected to chemical cross-linking with DSP. Copious quantities of (trimeric) hHSF1 complexes could be coimmunoprecipitated using Hsp90 and FKBP52 antibodies (Fig.3A) . The hHSF1 complexes were sufficiently abundant that readily detectable amounts could be recovered even without prior stabilization by cross-linking (Fig.3A) .
Similar results were obtained for overexpressed, chimeric factor LexA-hHSF1 (Fig.3B ).
When taken together with the results of the in vitro reconstitution experiments, these findings strongly suggested that, in cells overexpressing the factor, inactive, trimeric hHSF1 (or LexA-hHSF1) was bound by an Hsp90-immunophilin (FKBP52)-p23
complex. The following experiments provided additional evidence that latter complexes included trimeric hHSF1. As mentioned before, hHSF1 acquires specific HSE DNAbinding activity as a consequence of its trimerization (3, 25) . In the experiment in Fig.3C , proteins dissociated from complexes that had been immune -isolated from extracts of hHSF1-overexpressing cells using FKBP52 antibody were found to have specific HSE DNA-binding activity. Very little DNA-binding signal was detected when proteins recovered from immunoprecipitations using a control antibody were similarly assayed.
No signal was produced by proteins co-precipitated using FKBP52 antibody from extracts of naïve cells (not shown). In the experiment in Fig.3D , an hHSF1 mutant unable to trimerize efficiently was overexpressed (16). This mutant displayed a much reduced ability to interact with FKBP52. Note that whereas Hsp90 interacts with both trimeric and nontrimeric hHSF1 forms (Fig.1) , the presence of FKBP52 in hHSF1 complexes specifically identifies trimeric hHSF1 complexes. Because this study focuses on trimeric hHSF1 complexes, only coimmunoprecipitations using FKBP52 antibody are shown hereinafter. (not shown). Cells overexpressing hGR were found to contain a several fold lower level of LexA-hHSF1 complex than the reference cells (Fig.4B) . To confirm that hGR preferentially associated with an Hsp90-immunophilin (FKBP52)-p23 complex, immunoprecipitations were also carried out using a His tag antibody, and immunoprecipitates were analyzed by anti-Hsp90, p23 and FKBP52 western blot.
Repression of Trimeric hHSF1 is Alleviated upon Overexpression of a Protein that
Interactions between the latter proteins and hGR were readily detectable in cells that had been incubated in the absence of dexamethasone (Fig.4C) . The presence of dexamethasone considerably weakened these interactions. Control protein ß-Gal bound the chaperones much less avidly than (unliganded) hGR. Thus, hGR appeared to compete with trimeric, chimeric hHSF1 for Hsp90-immunophilin (FKBP52)-p23 complex. As a consequence of this competition, the fraction of unbound, trimeric LexA-hHSF1 was increased, which increase correlated with enhanced transcription factor activity. Hence, binding of Hsp90-immunophilin (FKBP52)-p23 complex to trimeric LexA-hHSF1 appeared to repress the transactivation function of the factor (or the reaction activating this function).
Stress-denatured Proteins Inhibit Formation of Trimeric hHSF1 Complex and Relieve
Repression of hHSF1 Transcriptional Activity -For the repression mechanism not to short-circuit activation of hHSF1 during a stress, stress-denatured proteins need to compete effectively for Hsp90-immunophilin (FKBP52)-p23 complex or the heterocomplex assembly machinery such that a fraction of hHSF1 trimers remain unassociated. To find out whether this is the case, cultures that had been transfected on the previous day with expression construct for LexA-hHSF1 were exposed or not exposed to 5mM azetidine carboxylate for 5 h. That this exposure was sufficient to cause derepression of transcription factor activity was shown by a transactivation assay (Fig.4D) . Coimmunoprecipitation using FKBP52 antibody revealed that cells incubated with azetidine carboxylate contained substantially less trimeric LexA-hHSF1 complex than control cells (Fig.4E) . Thus, stress-induced accumulation of nonnative proteins appeared to result in inhibition of trimeric hHSF1 complex assembly, which inhibition correlated with derepression of transcription factor activity.
Exposure to azetidine carboxylate or any other stressor is expected to cause a multitude of biochemical changes. It could, thus, not be ruled out that the reduction in trimeric hHSF1 complex and consequential derepression of hHSF1 activity observed in the above experiment were not caused by competition by stress -denatured proteins for propensity for binding chaperone complexes than native proteins (22) (23) (24) . Parallel cultures were transfected with expression constructs for cBSA (His-tagged) and ß-Gal.
DNA amounts used for transfection were adjusted to yield comparable levels of proteins.
One day later, extracts were prepared, and cBSA and ß-Gal were immunoprecipitated using His tag antibody. Relative amounts of coimmunoprecipitated chaperones Hsp90, FKBP52 and p23 were estimated by western blot (Fig.5A) . Substantially larger amounts of chaperones were found to coimmunoprecipitate with cBSA than with control protein ß-Gal. Second, introduction of a nonnative but not a native protein activates HSFdependent hsp gene expression (27) . Parallel cultures were cotransfected with LexAhHSF1 expression construct, construct LexA -Luc and expression construct for cBSA and/or ß-Gal. One day later, the cultures were harvested, and luciferase activities were measured ( Note that a general concern when examining chaperone interactions relates to the specificity of the interactions observed. In the present study the possibility could be raised that a fraction of hHSF1 in cells overexpressing the protein folded improperly and that it was this fraction that interacted with Hsp90-immunophilin (FKBP52)-p23
complex. While in this or any other study of chaperones the possibility that an interaction with a nonnative protein was studied cannot be ruled out categorically, the results of the above mutant analysis come as close to dispelling this concern as is possible. First, the interaction of the chaperone complex was with a specific region within the hHSF1 sequence, which region is required for the effect produced by the association of chaperone complex and hHSF1. Second, several mutants could be derived from the complete hHSF1 protein lacking as few as 15 residues of the 529-residue protein that, when overexpressed similarly as the wildtype protein, failed to associate or associated only weakly with the chaperone complex. polypeptides not bound by Hsp90 rapidly associate to form stable homotrimers that are capable of specific DNA-binding (6).
The latter hHSF1 homotrimers are thought to be transcriptionally inactive and to be only converted to active transcription factors in a subsequent reaction. This reaction may involve hyperphosphorylation of the factor. Supporting this view is the observation that heat-induced trimerization of hHSF1 precedes activation of hsp genes (10).
Furthermore, exposure of cells to salicylate, menadione or hydrogen peroxide results in trimerization of HSF1 but not in increased hsp gene expression (11, 28, 29) . Assuming that induction of HSF1 trimerization by the latter chemicals was by the "standard" mechanism, i.e., protein denaturation and competition for Hsp90 by the denatured proteins, the failure of the chemicals to cause increased hsp gene expression suggests that activation of HSF1 transcriptional activity is not triggered by a chaperone "shortage"
alone. That exposure to the chemicals did not result in hyperphosphorylation of hHSF1 is consistent with a mechanism of activation of hHSF1 transcriptional competence by phosphorylation (11, 30) . Further support for such a mechanism is provided by the observations that stress activation of hHSF1 can be (partially) inhibited by H7, staurosporine and other inhibitors of Ser/Thr kinases and that at least a fraction of but not all of these trimers remained in an unassociated form capable of being converted to transcriptionally active factor. Hence, it appears that trimer formation cannot regulate hHSF1 activity over the entire range of intensities of nonlethal stress and that it is the assembly of inactive, trimeric hHSF1 complexes that restrains hHSF1 activity and maintains the proportionality of the transcriptional response to stress, particularly under conditions of moderate to severe stress. It is noted that in cells expressing activation of the chimeric factor by coexpression of glucocorticoid receptor or cytoplasmic BSA, or exposure to azetidine carboxylate was accompanied by an SDS-PAGE mobility shift of LexA-hHSF1 (data not shown). This observation suggested that one consequence of the association of Hsp90-immunophilin (FKBP52)-p23 complex and trimeric hHSF1 is inhibition of factor hyperphosphorylation. As was explained before, it is likely to be its hyperphosphorylation that renders hHSF1 transcriptionally active.
The experiment in Fig.1C showed that FKBP52, i.e., Hsp90-immunophilin (FKBP52)-p23 complex, interacts with trimeric hHSF1 both prior to and subsequent to its hyperphosphorylation. The in vitro assembly reactions of Fig.2 were performed using DNA-bound, trimeric hHSF1. These findings demonstrate that trimeric hHSF1 can associate with chaperone complex regardless of whether it is hyperphosphorylated or not and whether it is bound to DNA or not. Because of their observed stability (but see ref. 33 for data indicating that Drosophila HSF trimers are somewhat less stable), it seems reasonable to predict that dissociation of hHSF1 trimers which occurs during recovery by guest on October 5, 2017
http://www.jbc.org/ Downloaded from from a stress is a facilitated, presumably chaperone-mediated process. Parsimony suggests that the association of trimeric hHSF1 and Hsp90-immunophilin-p23 complex may represent the initial reaction of the pathway that returns hHSF1 to its unactivated form. If this hypothesis is correct, our results suggest that trimeric hHSF1, regardless of whether it is inactive, activated or even associated with hsp genes, is being shunted into the deactivation/dissociation pathway at a rate reflecting the relative concentration of nonnative proteins competing for Hsp90-immunophilin-p23 complexes.
Several previous findings should be noted which suggest that regulation of hHSF1 activity is more complex than suggested by the minimalist model presented herein. That inhibition of Ser/Thr phosphatases in cells overexpressing hHSF1 results in factor hyperphosphorylation and derepression (11) suggests that the fate of newly trimerized hHSF1 may not only depend on the outcome of a competition between the hHSF1 and nonnative proteins for chaperone complexes but also on that of a race to the transcription factor between chaperone complexes and the unknown protein kinase(s) respo nsible for hHSF1 hyperphosphorylation. It is noted that the latter observations which were made on cells overexpressing hHSF1 and, thus, having a much reduced ratio of chaperones to hHSF1 may or may not be capable of extrapolation to naïve cells. Shi et al. (34) described a mechanism by which Hsp70 inhibits the transcriptional activity of hHSF1 through binding to the transcription activation domain of the factor. Hence, there may exist parallel chaperone-mediated mechanisms for inhibiting hHSF1 transcriptional activity. Alternatively, the repression mechanism described herein may only restrain activation of newly formed hHSF1 trimers as well as, possibly, play a role in factor deactivation/disassembly, and repression of already activated hHSF1 may be mediated by Hsp70 binding to the hHSF1 activation domain. If this were the case, it would be conceivable that, in analogy to observations made with glucocorticoid receptor (35) , the interaction of trimeric hHSF1 with Hsp90-immunophilin-p23 complex may further serve to preserve inactive, trimeric hHSF1 in a state in which it remains activatable. Finally, several studies reported phosphorylation of certain hHSF1 residues whose substitution with a nonphosphorylatable residue resulted in enhanced transcriptional activity (36) (37) (38) (39) (40) (41) .
Conceivably, these and other residues may be dephosphorylated during hHSF1 activation and rephosphorylated during recovery from a stress (42) (43) (44) (45) . Such rephosphorylation may constitute an additional mechanism for repression of hHSF1 activity subsequent to a stressful event.
It is further noted that, unlike vertebrate HSF1 and other metazoan HSF that are not homotrimeric and lack DNA-binding activity in the absence of stress, yeast HSF was reported to be a constitutively homotrimeric factor (46) . Genetic studies suggested that its transcriptional activity is repressed by Hsp90 and immunophilin-like protein Cpr7 (47).
Thus, it appears that repression of the transcriptional activity of trimeric HSF by an Hsp90-and immunophilin-containing chaperone complex is a regulatory mechanism that was conserved throughout evolution.
Finally, it may be worth pointing out that competition by nonnative proteins that relieves repression of hHSF1 transcriptional activity may not only target the mature Hsp90-immunophilin-p23 complex found associated with inactive, trimeric hHSF1.
Extrapolating from what is known about the association of similar chaperone complexes with members of the steroid receptor family (20), the latter hHSF1 complex is likely to be the product of an assembly process that involves additional chaperones and cofactors.
Among these chaperones is also Hsp70, which molecule was long thought to be involved in the regulation of hHSF1 activation. Thus, relief from repression of hHSF1 transcriptional activity is likely to be the composite result of competition by nonnative proteins for all chaperones and cofactors of the assembly machinery that are capable of interacting with nonnative proteins. Repression of HSF1 transcriptional activity 3 5
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